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ABSTRACT
We present our discovery of observational evidence for the coherence between galaxy rotation and the
average line-of-sight motion of neighbors. We use the Calar Alto Legacy Integral Field Area (CALIFA)
survey data analyzed with the Python CALIFA STARLIGHT Synthesis Organizer (PyCASSO) platform,
and the NASA-Sloan Atlas (NSA) catalog. After estimating the projected angular momentum vectors
of 445 CALIFA galaxies, we build composite maps of their neighbor galaxies on the parameter space of
line-of-sight velocity versus projected distance. The composite radial profiles of the luminosity-weighted
mean velocity of neighbors show striking evidence for dynamical coherence between the rotational
direction of the CALIFA galaxies and the average moving direction of their neighbor galaxies. The
signal of such dynamical coherence is significant for the neighbors within 800 kpc distance from the
CALIFA galaxies, for which the luminosity-weighted mean velocity is as large as 61.7 ± 17.6 km s−1
(3.5σ significance to bootstrap uncertainty) when the angular momentum is measured atRe < R ≤ 2Re
of each CALIFA galaxy. In the comparison of the subsamples, we find that faint, blue or kinematically
misaligned galaxies show stronger coherence with neighbor motions than bright, red or kinematically
well-aligned galaxies do. Our results indicate that (1) the rotation of a galaxy (particularly at its
outskirt) is significantly influenced by interactions with its neighbors up to 800 kpc, (2) the coherence
is particularly strong between faint galaxies and bright neighbors, and (3) galaxy interactions often
cause internal kinematic misalignment or possibly even kinematically distinct cores.
Keywords: galaxies: evolution — galaxies: formation — galaxies: interactions — galaxies: kinematics
and dynamics — galaxies: statistics
1. INTRODUCTION
The internal kinematics of a galaxy is an important
factor to understand the formation history of the galaxy.
Over the classical understanding of pressure-supported
early-type galaxies and rotation-supported late-type
galaxies, it has been revealed that even early-type galax-
ies usually rotate and they can be divided into slow and
fast rotators, which has risen as a quite new point of
view on galaxy classification (Cappellari et al. 2006;
Emsellem et al. 2007). Many subsequent studies en-
hanced such an idea by investigating more details of slow
and fast rotators, and even proposed that the famous
Hubble tuning fork needs to be revised, not only be-
cause it tends to mislead our understanding of early-type
galaxies by ignoring the large variety of fast rotators,
but also because the new kinematic morphology shows
a tighter relationship with environmental density than
classical photometric morphology does (Cappellari et al.
2011; Emsellem et al. 2011; Krajnovic´ et al. 2011;
Fogarty et al. 2014; Cortese et al. 2016; Brough et al.
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2017; Greene et al. 2017; van de Sande et al. 2017;
Foster et al. 2018; Graham et al. 2018; Rong et al. 2018;
Smethurst et al. 2018). Like these, with the advent of
integral field spectroscopy (IFS), our understanding of
galaxy kinematics has been being improved very rapidly
for a recent decade.
One of the key issues about galaxy kinematics is the
effect of environments on it. It is well known that en-
vironmental effects, from pair interactions/mergers to
large-scale mechanisms, play important roles in galaxy
evolution, through many observational studies (e.g.,
Dressler 1980; Kauffmann et al. 2004; Baldry et al.
2006; Blanton & Berlind 2007; Poggianti et al. 2008;
Lee et al. 2010, 2014; Popesso et al. 2011; Scoville et al.
2013; Lee et al. 2016; Pak et al. 2016; Fu et al. 2018)
and numerical predictions (e.g., Jung et al. 2014; Genel
2016; Martin et al. 2018). Thus, it is natural to ex-
pect that environmental effects play some crucial roles
in galaxy kinematics, as well. In recent observational
studies, for example, it was argued that an equal-mass
polar merger may result in galaxy rotation around
major photometric axis (prolate rotation; Tsatsi et al.
2017; Krajnovic´ et al. 2018; Weaver et al. 2018). Fur-
thermore, interactions or mergers between galaxies are
2 Lee et al.
thought to be also responsible for the misalignment
between the morphological shape and rotational di-
rection in a galaxy (morpho-kinematic misalignment;
Barrera-Ballesteros et al. 2015; Oh et al. 2016). In ad-
dition to the morpho-kinematic misalignment, the angu-
lar momentum in a galaxy may not be perfectly aligned
along radius (i.e., internal kinematic misalignment),
the extreme cases of which may be classified as kine-
matically distinct cores (KDCs; Emsellem et al. 2007,
2014; Krajnovic´ et al. 2015). In recent numerical stud-
ies, it was shown that KDCs can result from major
or minor merging events (Bois et al. 2011; Taylor et al.
2018). Various observational studies argued that galaxy
environments may have played an important role in
determining the internal kinematics of galaxies either
in a small scale (Lee et al. 2018b) or in a large scale
(Houghton et al. 2013; Kim et al. 2018), which is also
supported by hydrodynamic simulations (Naab et al.
2014; Lagos et al. 2017, 2018a,b; Lee et al. 2018a).
Those recent accomplishments about the environmen-
tal effects on galaxy kinematics lead us to a simple
and basic question: if galaxy kinematics is largely influ-
enced or even determined by environments, then can we
find any coherence between the rotational direction of a
galaxy and the motions of its neighbor galaxies? In other
words, is there any observational evidence that galaxy
interactions directly change the rotational direction of
a galaxy? If the answer is ‘yes’, then how significantly
is galaxy rotation affected by environments and how is
such dynamical coherence related with other properties
of galaxies in detail? Recently, Lee et al. (2018a) showed
that tidal perturbations as well as merging events may
significantly change galaxy spin vectors in their hydro-
dynamic simulations. In observational studies, however,
those questions have never been clearly answered yet,
despite their importance to clarify the origin of galaxy
rotation.
Thus, in this paper, we examine the coherence be-
tween the rotation of a galaxy and the line-of-sight mo-
tions of its neighbors, using publicly available IFS and
spectroscopic surveys. This paper is outlined as follows.
Section 2 describes the archival data used in this pa-
per. Section 3 shows how we utilize the data in order to
find the signal of the dynamical coherence. The results
are presented in Section 4. What our results imply is
discussed in Section 5, and the paper is concluded in
Section 6. Throughout this paper, we adopt the cosmo-
logical parameters: h = 0.7, ΩΛ = 0.7, and ΩM = 0.3.
2. DATA AND METHODS
To investigate the relationship between galaxy rota-
tion and neighbor motions, two sorts of information are
necessary: the internal kinematics of a sufficient num-
ber of galaxies and the motions of their neighbor galax-
ies. To obtain the former, a large IFS survey of galax-
ies is required, while the latter can be acquired from
a huge spectroscopic survey that includes the IFS tar-
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Figure 1. (a) Spatial distribution and (b) redshifts and
r-band absolute magnitudes of the CALIFA galaxies (red
dots). The background contours show the log-scale number
density of the NSA galaxies.
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Figure 2. (a) Color-magnitude diagram and (b) Se´rsic in-
dex distribution as a function of r-band absolute magnitude
of the CALIFA galaxies (red dots) and the NSA galaxies
(background contours).
gets and their neighbors. Fortunately, today both kinds
of data sets can be conveniently acquired owing to the
publicly-released data of various surveys. Among several
available IFS surveys, the Calar Alto Legacy Integral
Field Area Survey (CALIFA; Sa´nchez et al. 2012, 2016;
Walcher et al. 2014) is particularly suitable for this pur-
pose, because its spatial coverage for each target is very
large (frequently larger than twice of half-light radius).
Such a large coverage makes it possible to investigate
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the radial variation of internal kinematics in each tar-
get. Since the target selection of the CALIFA is based on
the Sloan Digital Sky Survey (SDSS; York et al. 2000),
the information of the targets’ neighbor galaxies can be
retrieved from the SDSS and additional spectroscopic
surveys.
2.1. CALIFA and PyCASSO Database
To acquire the angular momentum vectors of a suf-
ficient number of galaxies, we use the CALIFA survey
data1. The CALIFA sample consists of ∼ 600 galax-
ies at low redshifts, which have been selected from the
photometric catalog of the SDSS as a sample limited in
apparent isophotal diameter. The targets were observed
using the PMAS/PPAK integral field spectrophotome-
ter, mounted on the Calar Alto 3.5 m telescope. The
spectra cover the wavelength range of 3700−7000 A˚. The
most outstanding strength of the CALIFA survey is the
extremely wide field-of-view (> 1 arcmin2) with a high
filling factor in a single pointing (65%). This provides
great advantage for the studies of low-redshift galaxies
with large angular sizes, because CALIFA observations
cover a considerably large area in each target (mostly
much larger than half-light radius). For more details of
the CALIFA survey, refer to Sa´nchez et al. (2012, 2016).
In this paper, the actual analysis is based on the Py-
CASSO database2 (de Amorim et al. 2017), which is a
data set value-added by analyzing the CALIFA data
with the Python CALIFA STARLIGHT Synthesis Orga-
nizer platform (Cid Fernandes et al. 2005, 2013). The
sample of the PyCASSO database consists of 445 galax-
ies in the CALIFA Data Release 3 sample (Sa´nchez et al.
2016). Those sample galaxies were observed with both
V500 and V1200 gratings and their combination (called
COMBO cubes), all of which are necessary to reduce
the vignetting and to fill the whole field of view through
a dithering scheme. More details are described in
de Amorim et al. (2017). Although the sample size of
the PyCASSO database is smaller than that of the full
CALIFA data set, its well-produced final products are
very useful for quick and reliable investigation.
The PyCASSO database provides various parameter
maps of 445 CALIFA galaxies, which includes stellar
mass surface density, line-of-sight velocity, and some
stellar population indicators such as mean age and
metallicity. In this paper, stellar mass (M∗) surface
density and line-of-sight velocity (v∗) distributions are
used in order to estimate the angular momentum vec-
tors of those galaxies. When the signal-to-noise (S/N)
is 20 − 30, the typical uncertainties for these quanti-
ties are: 0.09 for logM∗ and 19 km s
−1 for v∗, while
they are as small as 0.04 for logM∗ and 9 km s
−1 for
v∗ when the S/N is 40− 50 (Cid Fernandes et al. 2014;
1 http://califa.caha.es/
2 http://pycasso.ufsc.br or http://pycasso.iaa.es/
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Figure 3. Statistics of the CALIFA spatial coverage in in-
dividual galaxies. The red line accumulates the number of
CALIFA galaxies as a function of the radial distance (nor-
malized by half-light radius, Re) to the outermost Voronoi
bin in each galaxy, while the blue line does it to the fifth-
outermost Voronoi bin.
de Amorim et al. 2017). Figure 1 shows the distribu-
tions of the 445 CALIFA galaxies in the sky and in
the absolute magnitude versus redshift diagram. The
CALIFA galaxies are evenly distributed over the spatial
coverage of the SDSS, and they have very low redshifts
(z . 0.03). Figure 2 presents the color and Se´rsic index
distributions as a function of absolute magnitude. The
CALIFA galaxies distribute over both red sequence and
blue cloud, and their morphological types are not signif-
icantly biased to any of early-type or late-type. All of
the CALIFA galaxies are brighter than Mr = −17 mag.
Figure 3 shows how large the spatial coverage in
the CALIFA observation for each target is. Among
the 445 CALIFA galaxies, only two galaxies have the
spatial coverage slightly smaller than half-light radius
(Re), while the covered areas for 348 galaxies (78%) are
larger than 2Re. 433 galaxies (97%) have at least five
Voronoi bins at R > Re, which means that the outskirt
(Re < R ≤ 2Re) angular momenta can be measured for
a considerable fraction of the CALIFA sample.
2.1.1. Projected Angular Momentum
Using the PyCASSO database, we estimated the pro-
jected angular momentum vectors (L = r×p = r×mv)
of the CALIFA galaxies. For simplification, we sup-
posed that the mass and velocity distribution in a given
Voronoi bin are perfectly represented by a point mass lo-
cated at the center of the bin, which has the total mass
and the mean stellar line-of-sight velocity measured in
the bin.
Figure 4 shows two examples of the projected angular
momentum estimation. In each galaxy, we derived two
projected angular momentum vectors, which were esti-
mated from the central area (R≤Re) and the outskirt
area (Re < R ≤ 2Re), respectively. The estimation of
an angular momentum vector is simple and direct. How-
ever, the estimated position angle has uncertainty, which
may be particularly large for some slow rotators. Thus,
we estimated the statistical uncertainty of the position
angle, through repetitive random sampling with replace-
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K0055 K0099
Figure 4. Two examples of galaxy angular momentum mea-
surement. The sizes of the red (representing redshift) and
blue (representing blueshift) circles are proportional to the
radial velocity relative to each galactic center. The black
circles show the half-light radii, while the green circles corre-
spond to twice of the half-light radii. The black arrows rep-
resent the projected angular momentum vectors estimated
using the Voronoi bins at R≤Re, while the green arrows are
those at Re < R ≤ 2Re. The gray contours show the galaxy
surface brightness distributions.
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Figure 5. Uncertainty distribution of the position angles
of angular momentum vectors for (a) R ≤ Re and (b) Re <
R ≤ 2Re. The vertical lines denotes 45
◦ uncertainty. The
numbers of galaxies with position angle uncertainties smaller
and larger than 45◦ are denoted at the left and right sides of
the line, respectively.
ment of spaxels. As presented in Figure 5, a majority of
the CALIFA galaxies show position angle uncertainties
smaller than 45◦: 434/445 (98%) for R≤Re and 392/433
(91%) for Re < R ≤ 2Re (12 of 445 CALIFA galaxies
have less than 5 Voronoi bins at R > Re). The galax-
ies with position angle uncertainties larger than 45◦ are
excluded in our analysis. Those galaxies are not guar-
anteed to have position angle errors smaller than 90◦ in
2σ confidence level, which means that they may falsely
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Figure 6. Internal angular momentum misalignment of in-
dividual CALIFA galaxies. (a) Absolute magnitude in the r
band, (b) g − r color, (c) Se´rsic index, and (d) number dis-
tribution as a function of misalignment angle. The median
value among the misalignment angle distribution is 5.0◦.
add opposite signals to our results by possibility higher
than 5%.
In Figure 4, one example (K0055) shows quite good
alignment between the two vectors, whereas the other
(K0099) has large misalignment between the two vec-
tors.3 Figure 6 presents the distribution of such in-
ternal misalignment of the CALIFA galaxies, which is
3 In many studies, ‘kinematic misalignment’ often indicates the
difference between morphological position angle and kinematic po-
sition angle of a galaxy (often denoted by Ψ). However, in this
paper, the ‘misalignment’ indicates the difference between central
kinematic position angle (R ≤ Re) and outskirt kinematic posi-
tion angle (Re < R ≤ 2Re) in a galaxy; a large misalignment
angle corresponds to a kinematically distinct core.
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compared with the distributions of absolute magnitude,
color and Se´rsic index. Although a half of the CALIFA
galaxies have very small misalignment angles (< 5◦),
about 5% of them have misalignment angles larger than
30◦. However, such internal misalignment of angular
momentum does not appear to be correlated with lumi-
nosity, color or morphology of those galaxies in Figure 6.
Largely-misaligned galaxies show a notable bimodality
in the Se´rsic index distribution (that is, the galaxies with
intermediate n tend to be well aligned), but it is clear
that the misalignment is not a monotonic function of
any parameters examined here.
2.2. NASA-Sloan Atlas
To estimate the line-of-sight motions of the neigh-
bor galaxies around the CALIFA galaxies, we use
the NASA-Sloan Atlas (NSA) catalog4, which was
created by Michael Blanton, based on the SDSS,
NASA Extragalactic Database (NED)5, Six-degree
Field Galaxy Redshift Survey (6dFGS; Jones et al.
2009), Two-degree Field Galaxy Redshift Survey (2dF-
GRS; Colless et al. 2001), CfA Redshift Survey (ZCAT;
Huchra et al. 1983), Arecibo Legacy Fast ALFA Sur-
vey (ALFALFA; Giovanelli et al. 2005) and the Galaxy
Evolution Explorer (GALEX; Martin et al. 2003) sur-
vey data. Among the numerous parameters provided
by the NSA catalog, we use the information of right as-
cension, declination, redshift, Se´rsic index and absolute
magnitudes in the g and r bands. Line-of-sight velocity
offset (∆v) is calculated from redshifts of a neighbor
galaxy (znei) and a CALIFA galaxy (zCAL), based on the
assumptions that (i) the peculiar motion of a neighbor is
non-relativistic; (ii) a CALIFA galaxy does not have pe-
culiar motion (follows the Hubble expansion only); and
(iii) gravitational redshift is negligible. The conversion
equation is as follows:
∆v =
znei − zCAL
1 + zCAL
· c, (1)
where c is the speed of light.
3. ANALYSIS
To explore the dynamical correlations between galax-
ies and their environment, we compare the direction
of the projected angular momenta of CALIFA galaxies
with the relative line-of-sight motions of their neighbor
galaxies. To obtain sufficient statistical significance, we
proceed by stacking individual kinematic maps along the
directions of the angular momenta of CALIFA galaxies.
Figure 7 illustrates this procedure and displays the re-
sulting composite map, where the direction of the an-
gular momentum of CALIFA galaxies is systematically
4 http://www.nsatlas.org
5 https://ned.ipac.caltech.edu/, which is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under
contract with the National Aeronautics and Space Administration.
taken to be upward. When defining ‘neighbor galaxies’
of each CALIFA galaxy, we limit the difference of line-of-
sight velocity to 500 km s−1 and consider the projected
distance up to 1 Mpc.
If the motions of neighbors are coherent with the rota-
tion of CALIFA galaxies, the mean velocity of the galax-
ies in the right-side area will be positive (redshift) while
that in the left-side area will be negative (blueshift) in
the composite map. To check whether this trend exists,
we first define the right-side and left-side in the com-
posite map. We may simply divide the entire area into
two sub-areas like Figure 8(a) (I-cut), from which we
can secure the most numerous neighbors.
In the I-cut, however, there are domains in which the
influence of neighbors on the CALIFA galaxies is am-
biguous. For example, suppose two neighbor galaxies
that have the same line-of-sight velocities, masses and
distances to the same CALIFA galaxy but are located
at position angles of 1◦ and 359◦ from the upward (an-
gular momentum vector) direction, respectively. They
are actually very close to each other and thus their in-
fluence on the CALIFA galaxy may be almost the same.
However, in the I-cut, their influence will be oppositely
counted, because they will belong to opposite sides.
The X-cut, as shown in Figure 8(b), is an alternative
selection designed to mitigate such a problem. In the
X-cut, only the neighbor galaxies located between 45◦
and 135◦ or between 225◦ and 315◦ from the angular
momentum vector direction are considered. Although
the X-cut reduces the sample of neighbor galaxies into
a half and thus may increase the statistical uncertainty,
it is advantageous that the neighbors that are expected
to hardly influence the current rotational directions of
the CALIFA galaxies are excluded. Thus, hereafter, all
of the results in this paper will be based on the X-cut.
When estimating the average line-of-sight motion of
neighbor galaxies, we weight them by luminosity. In
this weighting, again we have two options: absolute-
luminosity (abs-L) weighting and relative-luminosity
(rel-L) weighting. In the abs-L weighting, the velocities
of neighbors are weighted by their luminosities, regard-
less of the luminosity of their adjacent CALIFA galaxy.
On the other hand, in the rel-L weighting, the veloci-
ties of neighbors are weighted by the luminosity ratio
between a neighbor galaxy and its adjacent CALIFA
galaxy. The abs-L weighting is good for estimating the
effect of absolute environment regardless of the lumi-
nosity of CALIFA galaxies, while the rel-L weighting
focuses on the direct interactions between the CALIFA
galaxies and their neighbors.
The selection between these two options depends on
how the neighbor galaxies are related to the CALIFA
galaxies. That is, if the impact of a neighbor galaxy
with a given mass is common to all CALIFA galaxies
at the same distances regardless of their masses, the
abs-L weighting must be used. On the other hand, if
a neighbor more strongly influences less massive CAL-
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Figure 7. Process to build a composite map of neighbor distribution. (a) - (d) Examples of individual CALIFA galaxies
(black circles) and their neighbors with ∆v≤500 km s−1 in 1 Mpc × 1 Mpc areas. The color and size of each circle represent
the line-of-sight velocity and luminosity of each neighbor galaxy relative to a given CALIFA galaxy, respectively. The spatial
distribution of the neighbor galaxies is aligned so that the projected angular momentum vector of the CALIFA galaxy (black
arrow) is upward. (e) Composite map of neighbor galaxy distribution for our whole sample of the CALIFA galaxies.
(a) I-cut (b) X-cut
Figure 8. Definition of areas to estimate neighbor motions.
(a) I-cut simply divides the entire area into two sub-areas
using a vertical line. (b) X-cut excludes the neighbors in the
domains of −45◦ < θ < 45◦ and 135◦ < θ < 225◦, where
θ is the position angle from the angular momentum vector
direction.
IFA galaxies, then the rel-L weighting may be appro-
priate. Throughout this paper, we will present both of
the results using the rel-L weighting and using the abs-
L weighting. The comparison between those results will
be useful to constrain the origin of dynamical coherence,
if it exists.
4. RESULTS
4.1. The Full Sample
Before the quantitative investigation of the dynami-
cal coherence, we present a qualitative analysis through
the estimation of contour maps of the neighbor galaxy
distribution on the relative line-of-sight velocity versus
projected distance plot, as shown in Figure 9. These
contour maps provide us an overall view on the dynami-
cal distribution of neighbor galaxies around the CALIFA
targets. The contours show the log-scale number density
distribution, weighted by the luminosity ratio of neigh-
bor galaxy to CALIFA galaxy (rel-L-weighted; panels
(a) and (b)) or weighted by the luminosity of neigh-
bor galaxy (abs-L-weighted: panels (c) and (d)): darker
contours represent higher-density regions. The number
density for the contours was calculated at 100×50 grids
and smoothed in a 3-grid scale with linear weighting.
Since some CALIFA galaxies have considerable amount
of internal misalignment as shown in Figure 6, the con-
tour maps for the angular momenta at R≤Re and at
Re < R ≤ 2Re are not perfectly the same as each other,
although some features are very similar (panels (a) ver-
sus (b), and (c) versus (d) in Figure 9).
Overall, we find a sequence of intense clumps from
positive distance and positive relative velocity (right-
side neighbors with redshift) to negative distance
and negative relative velocity (left-side neighbors with
blueshift), at a very small range of |D| . 200 kpc, where
D is the projected distance to a given CALIFA galaxy.
Such a sequence is apparently consistent with the co-
herence between the rotations of CALIFA galaxies and
the motions of their neighbors, but some other clumps
that do not agree with such coherence are also found.
Furthermore, at |D| > 200 kpc, it is not easy to visually
Galaxy Rotation Coherent with Environmental Dynamics 7
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Figure 9. (a) - (b) Relative-luminosity-weighted (rel-L-weighted) contour maps showing the neighbor galaxy distribution on
the relative velocity versus projected distance plot, for the angular momenta measured (a) at R≤Re and (b) at Re < R≤2Re of
individual CALIFA galaxies. The green dots denote the individual neighbor galaxies, and the size of each green dot represents
the ratio of a neighbor luminosity to its adjacent CALIFA galaxy. Positive values in projected distance (D) are for the right-side
neighbors, while negative values are for left-side neighbors in Figure 8. (c) - (d) The same as (a) - (b), but the contours are
absolute-luminosity-weighted (abs-L-weighted) and the size of each green dot represents the neighbor luminosity itself, regardless
of the luminosity of its adjacent CALIFA galaxy. In this figure and the figures hereafter, all results are based on the X-cut.
recognize any signals of the dynamical coherence in the
contours.
Note that the clumps in Figure 9 may be largely af-
fected by bright neighbors, because the contours are
weighted by luminosity. Since more luminous/massive
galaxies are expected to affect its neighbors more
strongly, it is understandable that such clumpy fea-
tures tend to show good coherence signals (particularly
at small distances). However, this reminds us of the
risk from small-number statistics: the entire trends
may be dominated by a few luminous neighbors and
coincidentally form apparent coherence signals. Thus,
the coherence signals need to be further investigated in
quantitative and statistical ways.
Figure 10 shows the ∆v distribution of neighbor galax-
ies at given projected distance range. Although the
neighbor galaxies are distributed over a wide range of
∆v, the luminosity-weighted mean velocity tends to be
slightly biased at some projected distance ranges. Such
biases are particularly obvious at very close distances
(|D|≤200 kpc), in the context that the left-side neigh-
bors tend to lean toward negative mean velocity, while
the right-side neighbors tend to lean toward positive
mean velocity. This can be regarded as the evidence
of dynamical coherence between the rotational direction
of CALIFA galaxies and the motions of neighbors. Such
a trend is found even up to |D| ≈ 800 kpc for the rel-L-
weighted results of outskirt (Re < R ≤ 2Re) rotation.
However, Figure 10 does not show how statistically sig-
nificant the mean velocity biases are.
To quantitatively assess the robustness of the apparent
dynamical coherence, we define the luminosity-weighted
mean velocity (〈∆v〉) and plot the variation of 〈∆v〉
with projected distance to the CALIFA galaxies. In Fig-
ure 11, panels (a) and (c) show the derivative profiles,
smoothed with a 100-kpc kernel, while panels (b) and
(d) show the cumulative profiles. In the derivative pro-
files, the mean velocity 〈∆v〉d100 at given D′ is defined
as:
〈∆v〉d100(D′) =


∑
Rd(D′,100)
∆vL
∑
Rd(D′,100)
L
ifD′ > 0
0 ifD′ = 0∑
Ld(D′,100)
∆vL
∑
Ld(D′,100)
L
ifD′ < 0,
(2)
where ∆v is the line-of-sight recession velocity of a
neighbor galaxy relative to a given CALIFA galaxy, and
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Figure 10. The ∆v distributions at given projected distance ranges: (a) the rel-L-weighted neighbors for the angular momenta
measured at R≤Re, (b) the rel-L-weighted neighbors for the angular momenta measured at Re < R≤2Re, (c) the abs-L-weighted
neighbors for the angular momenta measured at R≤Re, and (d) the abs-L-weighted neighbors for the angular momenta measured
at Re < R≤2Re. In each sub-panel, the histogram shows the normalized distribution of integrated luminosity of neighbors at
given distance range that is denoted at the upper-right corner (in unit of kpc). The luminosity-weighted mean velocity is denoted
by a red bar in each sub-panel.
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Figure 11. (a) Radial profile of rel-L-weighted mean velocity. A smoothing kernel with 100-kpc size is applied. The black line
shows the results based on angular momenta at R≤Re, while the green line is based on angular momenta at Re < R ≤ 2Re. (b)
Cumulative radial profile of rel-L-weighted mean velocity. (c) Radial profile of abs-L-weighted mean velocity. (d) Cumulative
radial profile of abs-L-weighted mean velocity.
the right-side distance range Rd is:
Rd(D′, 100) =


D′ − 100 kpc < D ≤ D′
ifD′ > 100 kpc
0 < D ≤ D′
if 0 < D′ ≤ 100 kpc,
(3)
and the left-side distance range Ld is:
Ld(D′, 100) =


D′ ≤ D < D′ + 100 kpc
ifD′ < −100 kpc
D′ ≤ D < 0
if − 100 kpc ≤ D′ < 0.
(4)
On the other hand, in the cumulative profiles, the mean
velocity 〈∆v〉c at given D′ is defined as:
〈∆v〉c(D′) =


∑
0<D≤D′
∆vL
∑
0<D≤D′
L
ifD′ > 0
0 ifD′ = 0∑
D′≤D<0
∆vL
∑
D′≤D<0
L
ifD′ < 0.
(5)
L is the luminosity ratio of a neighbor galaxy to a given
CALIFA galaxy (= Lneighbor/LCALIFA) when the rel-L
weighting is applied, while it is simply the luminosity
of a neighbor galaxy (Lneighbor) for the abs-L weight-
ing. Note that the derivative profiles (〈∆v〉d100) and
the cumulative profiles (〈∆v〉c) coincide with each other
at |D|≤100 kpc.
In Figure 11(a) and (c), the derivative profiles are a
little bit noisy, but some coherence signals are visible
commonly for the rel-L weighting and the abs-L weight-
ing: the mean velocity tends to be positive at the right-
side and negative at left-side, which is particularly con-
spicuous at |D| . 300 kpc. In Figure 11(b) and (d),
the cumulative profiles are smoother than the derivative
ones, showing the coherence signals more obviously.
One notable feature in Figure 11(b) and (d) is its
asymmetry: the mean velocity of right-side neighbors
converges to zero more lately than that of left-side neigh-
bors does. For this apparent asymmetry, as well as
coincidence due to small-number statistics, a selection
bias may be partially responsible. The CALIFA sur-
vey targeted apparently bright galaxies (Figure 1(b)). If
galaxies in the Universe were homogeneously distributed
along redshift, such target selection might not cause a
bias. However, in reality, many galaxies tend to gather
around large-scale structures: clusters, groups, filaments
and walls. If we observe towards such gathering of galax-
ies, then the selection of bright targets (in apparent
magnitude) may be biased to galaxies at lower redshifts,
which means that the mean redshifts of their neighbors
(not selected as targets) may tend to be higher (= more
receding). If the relative line-of-sight velocities of the
neighbors selected within ±500 km s−1 are dominated
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Figure 12. Right-left-merged radial profiles (thick black lines) of rel-L-weighted mean velocity for angular momenta measured
(a) at R≤Re and (b) at Re < R ≤ 2Re. (c) Cumulative version of (a). (d) Cumulative version of (b). The bootstrap uncertainty
(shaded areas), random spin-axis uncertainty (blue lines) and random flip (±90◦) uncertainty (red lines) are also denoted (see
the main text for the detailed description of the uncertainties).
by their peculiar motions rather than the Hubble flow
(e.g., in a galaxy cluster), this effect may be negligible,
but our targets are mostly in non-cluster environments.
That is, the asymmetry in Figure 11 may be, at least
partially, because apparently brighter galaxies (prefer-
entially at lower redshifts) had higher chances to be se-
lected as the CALIFA targets.
In the mean velocity profiles, both of the positive val-
ues for the right-side neighbors (D > 0) and the negative
values for the left-side neighbors (D < 0) support the co-
herence between galaxy rotation and neighbor motions.
Thus, we can more simplify Figure 11 by defining the
right-left-merged mean velocities, as follows:
〈∆v〉d100R−L(D
′) =
( ∑
Rd(D′,100)
∆vL
)
−
( ∑
Ld(−D′,100)
∆vL
)
( ∑
Rd(D′,100)
L
)
+
( ∑
Ld(−D′,100)
L
)
(6)
and
〈∆v〉cR−L(D
′) =
( ∑
0<D≤D′
∆vL
)
−
( ∑
−D′≤D<0
∆vL
)
( ∑
0<D≤D′
L
)
+
( ∑
−D′≤D<0
L
)
(7)
where D′ > 0. Roughly described, the right-left-merged
mean velocity corresponds to the right-side mean ve-
locity (D > 0) subtracted by left-side mean velocity
(D < 0) in Figure 11. Thus, the right-left-merged mean
velocity must be positive, if there is the dynamical co-
herence between galaxy rotation and neighbor motions.
In these right-left-merged profiles, the CALIFA target
selection bias mentioned in the previous paragraph is
canceled out on average.
Figures 12 and 13 show the right-left-merged mean
velocity profiles. These merged profiles more efficiently
present how significant the coherence signals are. For
quantitative estimation of the significance of the coher-
ence signals, we try three different statistical methods.
The first is the bootstrap (BST) uncertainty: the neigh-
bor galaxies were randomly resampled with replacement,
and the standard deviation of the results from 1000-
times resampling experiments was estimated. The BST
uncertainty is denoted by shaded areas in Figures 12 -
19. The BST uncertainty works well in most cases, but
caution is necessary when the number of neighbors is
too small (e.g., at very close distances from the CAL-
IFA galaxies). For example, the number of neighbors at
D ≤ 30 kpc is 27 and 24 for central and outskirt ro-
tations, respectively, which is not too small to estimate
BST uncertainty. However, this number can be sub-
stantially reduced when we use some subsamples. Other
kinds of uncertainty may be helpful in those cases.
The second is the random spin-axis (RAX) test for the
CALIFA galaxies. The null hypothesis for this test is
that “the spin axis of each CALIFA galaxy is randomly
determined regardless of the motions of its neighbor
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Figure 13. The same as Figure 12, except that the abs-L weighting is applied.
galaxies”. In this test, we can examine how easily the
apparent ‘dynamical coherence’ can be reproduced by
random assignment of rotations to the CALIFA galax-
ies, for the given distribution of neighbor motions. The
RAX uncertainty is calculated by the following proce-
dure:
1. Assign a random vector to each CALIFA galaxy
(replacing its original angular momentum vector).
2. Align the neighbor galaxies around each CALIFA
galaxy for the randomly assigned vector direction
to be upward.
3. Build a composite map of the newly aligned neigh-
bor galaxies like Figure 7(e).
4. Estimate the 〈∆v〉d100R−L or 〈∆v〉
c
R−L profiles using
the new composite map.
5. Repeat the steps 1 – 4 by 1000 times and calculate
the root-mean-squared deviation of the 〈∆v〉d100R−L
or 〈∆v〉cR−L profiles.
The RAX uncertainty is denoted by blue lines in Fig-
ures 12 - 19.
The last is the randomly flipped spin-axis (RFA) un-
certainty. This test is similar to the RAX test, but the
spin axis of each CALIFA galaxy is randomly flipped by
+90◦ or −90◦ instead of being perfectly randomized. If
it is true that there is some coherence between the CAL-
IFA galaxy rotation and its neighbor motions, the RFA
test will return smaller uncertainty (= higher statistical
significance), because the neighbors in the X-cut regions
after the random flipping by ±90◦ have genuinely ran-
dom motions, not contaminated by coherent motions.
The RFA uncertainty is denoted by red lines in Fig-
ures 12 - 19. In the results, RFA uncertainty actually
tends to be smaller than RAX uncertainty when the co-
herence signals are considerable (e.g., > 2σRAX; but not
always), which indirectly supports the existence of dy-
namical coherence.
In Figures 12 and 13, there are some noticeable fea-
tures. First, both in the derivative and cumulative
profiles, significant coherence signals are detected for
the outskirt angular momenta (Re < R ≤ 2Re; up
to 3.5σBST, 3.0σRAX and 4.0σRFA), whereas the signals
are hardly significant for the central angular momenta
(R ≤ Re). Such a trend is obvious when the rel-L
weighting is applied (Figure 12). However, in the case of
the abs-L weighting (Figure 13), the coherence signals
are marginal to any uncertainty. Second, for the out-
skirt angular momenta (Re < R ≤ 2Re), a few strong
peaks are noted in the derivative profile. The individual
D values for those peaks may not be universal and may
change if we use different samples. However, the wide
range of the peak loci shows that the neighbors at var-
ious distances up to 800 kpc have dynamical coherence
with the CALIFA galaxies. Finally, at D > 800 kpc, the
coherence signals are insignificant. The 〈∆v〉cR−L values,
their statistical uncertainties and the corresponding con-
fidence levels at 30, 200, 500, and 800 kpc distances are
listed in Table 1.
4.2. Various Subsamples
In order to understand more detailed aspects of the co-
herence between galaxy rotation and neighbor motions,
we additionally conducted the same work as Section 4.1
for several sets of subsamples divided by various criteria:
luminosity, color, Se´rsic index and internal kinematic
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Table 1. Coherence Signals (All CALIFA Galaxies)
Weighting Angular D 〈∆v〉cR−L ± σBST ±σRAX ±σRFA
momentum [kpc] [km s−1] [km s−1] [km s−1]
Rel-L R ≤ Re 30 66.6 ± 87.2 (0.8σ) ±55.3 (1.2σ) ±74.2 (0.9σ)
200 57.9 ± 46.0 (1.3σ) ±36.8 (1.6σ) ±33.6 (1.7σ)
500 25.2 ± 23.4 (1.1σ) ±21.8 (1.2σ) ±22.1 (1.1σ)
800 31.1 ± 15.6 (2.0σ) ±18.7 (1.7σ) ±15.8 (2.0σ)
Rel-L Re < R ≤ 2Re 30 145.7 ± 55.5 (2.6σ) ±70.4 (2.1σ) ±49.9 (2.9σ)
200 109.5 ± 58.9 (1.9σ) ±50.6 (2.2σ) ±32.1 (3.4σ)
500 61.1 ± 27.8 (2.2σ) ±25.6 (2.4σ) ±22.8 (2.7σ)
800 61.7 ± 17.6 (3.5σ) ±20.2 (3.0σ) ±15.5 (4.0σ)
Abs-L R ≤ Re 30 55.6± 123.6 (0.4σ) ±77.7 (0.7σ) ±81.9 (0.7σ)
200 57.3 ± 35.9 (1.6σ) ±27.7 (2.1σ) ±26.4 (2.2σ)
500 30.1 ± 19.1 (1.6σ) ±16.8 (1.8σ) ±16.7 (1.8σ)
800 8.3± 12.8 (0.6σ) ±13.2 (0.6σ) ±12.3 (0.7σ)
Abs-L Re < R ≤ 2Re 30 128.9 ± 81.8 (1.6σ) ±76.1 (1.7σ) ±104.8 (1.2σ)
200 68.8 ± 37.3 (1.8σ) ±27.2 (2.5σ) ±28.6 (2.4σ)
500 38.5 ± 20.9 (1.8σ) ±17.3 (2.2σ) ±16.1 (2.4σ)
800 13.1 ± 14.2 (0.9σ) ±13.5 (1.0σ) ±11.7 (1.1σ)
Note—BST = Bootstrap uncertainty. RAX = Random spin-axis uncertainty. RFA =
Randomly flipped (±90◦) spin-axis uncertainty.
misalignment of the CALIFA galaxies. This investiga-
tion is useful to reveal what kind of galaxies are mainly
involved in the dynamical coherence.
We first divide the CALIFA galaxies into bright ones
and faint ones, as shown in Figure 14. The criterion
magnitude of Mr = −21.39 mag is the median value
among the CALIFA galaxies. In this comparison, the
trends for central rotation and outskirt rotation are sim-
ilar to each other in the subsample of bright CALIFA
galaxies: both of them hardly show significant signals of
coherence. On the other hand, in the subsample of faint
CALIFA galaxies, the outskirt rotations show significant
(up to ∼ 3.5σBST in rel-L weighting) coherence signals,
while the central rotations do not (up to ∼ 2.0σBST in
rel-L weighting), as summarized in Table 2. Like the re-
sults from the full CALIFA sample, the results from the
luminosity-divided subsamples are more obvious when
the rel-L weighting is applied.
Figure 15 compares the subsamples divided by g − r
color. The criterion color of g − r = 0.756 is the me-
dian value among the CALIFA galaxies. The blue CAL-
IFA galaxies show more significant coherence signals (up
to ∼ 3.2σBST in rel-L weighting) than the red CALIFA
galaxies, as listed in Table 3. However, the coherence
signals for the blue CALIFA galaxies are slightly weaker
than those for the faint CALIFA galaxies.
Figure 16 compares the subsamples divided by Se´rsic
index. We simply divide the CALIFA galaxies into con-
centrated (n ≥ 2) and diffuse (n < 2) galaxies. In this
division, any significant difference between the two sub-
samples is hardly found. One notable feature is that the
outskirt rotations of diffuse CALIFA galaxies seem to
be very significantly coherent with neighbor motions at
D ≤ 30 kpc (∼ 4.0σBST in rel-L weighting). However,
since the significance is low when the RAX uncertainty
is used (∼ 1.7σRAX), such apparently very high signifi-
cance to the bootstrap uncertainty may be due to the
small number of neighbors within a very close distance
of 30 kpc (8 neighbors for the outskirt rotations of the
diffuse CALIFA galaxies). The coherence signals for the
subsamples divided by Se´rsic index are summarized in
Table 4.
Finally, in Figure 17, we divide the sample by their
internal kinematic misalignment, into well-aligned and
misaligned galaxies. The division criteria of |θ(R ≤
Re) − θ(Re < R ≤ 2Re)| = 5.0
◦ is the median value
among the 445 CALIFA galaxies, where θ is the kine-
matic position angle at a given radial range. In the well-
aligned CALIFA galaxies, coherence signals are hardly
found for both of the central and outskirt angular mo-
menta; the central-outskirt difference is negligible, be-
cause they are well aligned. On the other hand, coher-
ence signals are more obvious for the outskirt rotations
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of the misaligned CALIFA galaxies (up to ∼ 2.8σBST in
rel-L weighting), as listed in Table 5.
We conduct more tests for additional constraints on
the origin of the dynamical coherence: the division
of neighbor galaxies according to their luminosity and
color. In Figure 18, the right-left-merged mean veloc-
ity profiles are shown for our full sample of the CAL-
IFA galaxies, but with the neighbor galaxies controlled
by their luminosity. For the rel-L-weighted profiles, the
neighbors are divided into ‘brighter than the adjacent
CALIFA galaxy’ and ‘fainter than the adjacent CAL-
IFA galaxy’, while they are divided simply byMr = −21
mag cut for the abs-L-weighted profiles. This neighbor
division produces a clear difference, in the context that
bright neighbors tend to show stronger dynamical coher-
ence (up to 2.6σBST), while faint neighbors hardly show
dynamical coherence (up to 1.4σBST). Figure 19 presents
the results for neighbor division into red and blue ones
by g − r = 0.756. In this figure, however, the division
into red and blue neighbors produces only small differ-
ences. When we consider the color-magnitude relation
of neighbor galaxies, such differences between red and
blue neighbors may be substantially influenced by the
differences between bright and faint neighbors, because
fainter galaxies tend to be bluer on average. The coher-
ence signals in Figures 18 and 19 are listed in Tables 6
and 7, respectively.
Table 8 summarizes the overall results for the whole
sample and the various subsamples. In Table 8, the
significance to bootstrap uncertainty of coherence signal
for each case is simply noted as four classes: significant
(≥ 3.0σ), marginal (2.5 − 2.9σ), very marginal (2.0 −
2.4σ) and insignificant (≤ 1.9σ), which is convenient for
one-shot comparison between the various subsamples.
In this simplified summary, the galaxies that are mainly
involved in the dynamical coherence appear to be faint,
blue or internally-misaligned ones, while the influence of
morphology is not clear at least in our sample. When
the neighbor galaxies are controlled, bright neighbors
appear to influence the outskirt rotations of the CALIFA
galaxies more significantly, whereas faint neighbors seem
to hardly influence them. The color division of neighbors
do not produce notable difference.
5. DISCUSSION
5.1. Confirmation of Dynamical Coherence
In Section 4.1, galaxy rotation appears to be related
with the average line-of-sight motion of neighbor galax-
ies. The signals of such dynamical coherence are found
up to 800 kpc distance from the CALIFA galaxies in Fig-
ure 12. In the range farther than 800 kpc, the coherence
signal is insignificant.
This coherence may be the evidence that the inter-
action of a neighbor galaxy affects the rotational direc-
tion of the target galaxy, by adding new angular mo-
mentum to it coherent with the flyby direction. This is
consistent with the numerical anticipation of Lee et al.
(2018a) that galaxy interactions may affect galaxy rota-
tion as galaxy mergers do, although such changes often
cancel out previous changes in their simulations. How-
ever, while the close distance range (e.g., D ≤ 200 kpc)
is sufficiently close to cause such direct interactions be-
tween galaxies, the 800 kpc distance may be too far.6
Thus, those neighbor galaxies may have recently experi-
enced interactions with the target galaxies rather than
be currently interacting.
To roughly estimate the timescale that has passed
since such interactions, we suppose that the neighbor
galaxies at D ∼ 800 kpc experienced flyby events with
the target galaxies (D ∼ 0 kpc) and have constantly
moved with projected velocity of 180 km s−1, which
is consistent with the peak line-of-sight velocity of the
neighbor galaxies at D ∼ 0 kpc in Figure 12(b). The
speed of 180 km s−1 corresponds to 184 kpc per Gyr.
Thus, the timescale that a neighbor galaxy travels from
D ∼ 0 to 800 kpc is calculated to be τT ∼ 4.3 Gyr.
That is, under our assumption, the vestige of galaxy in-
teractions up to 4 Gyr ago remains as the dynamical co-
herence with neighbor motions. However, this timescale
may change according to the genuine proper motions of
the neighbor galaxies that cannot be directly measured.
One of the important results is that the rotation mea-
sured at galaxy outskirt (Re < R ≤ 2Re) shows stronger
dependence on neighbor motions than the rotation mea-
sured at galaxy center (R ≤ Re) does. That is, if it is
true that galaxy interactions cause the dynamical coher-
ence discovered in this paper, the effect of such interac-
tions is stronger on the outskirt rotation of the target
galaxies rather than on their central rotation. Many re-
cent studies support the inside-out two-phase formation
scenario, in which a massive galaxy formed its central
body long time ago by large starburst of major merg-
ing events, while its outer body have steadily formed
through minor mergers until today (e.g., Oser et al.
2010; van Dokkum et al. 2010; Lee & Yi 2013). Our
result is consistent with this scenario in the aspect
of galaxy kinematics: recent hierarchical events have
strongly influenced the outskirt of a galaxy, whereas
their influence on the central body of the galaxy is rel-
atively weak.
5.2. Implications from the Subsamples
The investigation of various subsamples provides us
useful insights about what kinds of galaxies are mainly
involved in the dynamical coherence. In Table 8, the
most conspicuous result is that the dynamical coherence
seems to be mainly related to faint, blue, or internally-
misaligned galaxies, particularly for the outskirt rota-
tions.
6 For example, Woods & Geller (2007) defined ‘close pairs’ as
two galaxies within ∆v < 500 km s−1 and D < 50h−1
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The dominance of faint galaxies in the dynamical co-
herence is easy to understand. The kinematic structure
of a more massive galaxy may be more difficult to be
changed by interactions with its neighbors, because the
internal kinematics of a massive galaxy is tightly main-
tained by its own deep gravitational potential. On the
other hand, in the case of a low-mass galaxy, it may be
more vulnerable to the influence of its neighbors, be-
cause of its shallow gravitational potential. Thus, the
internal kinematics of low-mass (≈ faint) galaxies may
be more easily influenced by interactions with neighbor
galaxies.
Compared to the conspicuous dominance of faint
galaxies, the influence of galaxy color seems to be
slightly weaker in its statistical significance. Such rela-
tive weakness is more obviously revealed in the compar-
ison of the significance to RAX uncertainty. Anyway,
in our results, the blue CALIFA galaxies appear to
show stronger coherence signals than the red CALIFA
galaxies. If this result reflects some intrinsic difference
between the red and blue galaxies, it may indicate that
galaxy interactions influence the stellar populations of
those galaxies as well as their outskirt rotations. For
example, galaxy interactions in moderate distances may
trigger more star formation possibly by exchanging their
cold gas and giving appropriate perturbation (hydrody-
namic interactions; Park & Hwang 2009). However,
caution is required for such interpretation, because
galaxy color strongly depends on galaxy luminosity.
That is, the results for color-divided subsamples may be
largely influenced by the fact that most of faint CALIFA
galaxies are blue, as shown in Figure 2.
It is also found that the dynamical coherence of
internally-misaligned CALIFA galaxies are stronger
than well-aligned CALIFA galaxies. This result implies
that galaxy interactions are largely responsible for the
internal kinematic misalignment of galaxies. The rota-
tions of the misaligned galaxies seem to be considerably
affected by recent events of galaxy interaction, and such
environmental influence is stronger for outskirt rotations
than for central rotations, which naturally results in in-
ternal kinematic misalignment. In other words, galaxy
interactions, as well as major mergers (Bois et al. 2011)
or minor mergers (Taylor et al. 2018), may cause the
internal misalignment in a galaxy, the extreme cases of
which may be KDCs.
In summary, the dynamical coherence is mainly due to
faint, blue or internally-misaligned galaxies. This seems
to be because low-mass galaxies are easier to be kine-
matically affected by galaxy interactions, the influence
of which may be differential according to radius. The
change of stellar populations during such interactions
may be possible, but it is too rash to conclude about it
here.
5.3. Interacted? Or Inherited?
One may suspect if the observed dynamical coherence
is inherited from the in-situ rotation of host dark mat-
ter halos or past shared gas streams. If a central galaxy
and its satellite galaxies formed in a single rotating halo,
then their co-rotation may be natural. Moreover, high-
redshift galaxies are often expected to be formed by colli-
mated streams of material that transfer angular momen-
tum to the central galaxy. Such streams may strongly
affect the rotation of the central galaxy and the motions
of its satellites at the same time, and thus may cause the
dynamical coherence. We check how well this scenario
is supported by our results.
If the dynamical coherence is the results from the in-
situ co-rotation of a central galaxy and its satellite galax-
ies, then it is expected that our target CALIFA galaxies
tend to be central galaxies in small groups and the co-
rotating neighbors are their low-mass satellites. How-
ever, our results show the opposite trends: faint CAL-
IFA galaxies show stronger dynamical coherence than
bright CALIFA galaxies that are more probable to be
central galaxies. Moreover, in the test dividing neigh-
bors by luminosity, faint neighbors hardly show any co-
herence signals regardless of central and outskirt rota-
tions in rel-L and abs-L weightings. On the other hand,
bright neighbors have strong coherence signals for the
outskirt rotations of the CALIFA galxies. Such signals
are stronger when the rel-L weighting is applied than
when the abs-L weighting is applied, which implies that
more crucial for dynamical coherence is ‘how more mas-
sive the neighbor is’ than ‘how massive the neighbor is’.
Obviously, all of these results support the interaction
origin rather than the inherited co-rotation.
In summary, our results indicate that the main ori-
gin of the observed coherence between galaxy rotations
and neighbor motions may be their recent interactions.
Although this does not completely deny the partial con-
tribution of in-situ co-rotations, we hardly find any ev-
idence clearly in favor of the inherited co-rotation sce-
nario in our current results.
6. CONCLUSION
We examined whether there is any coherence between
the rotational direction of galaxies and the average mo-
tion of their neighbor galaxies, using the CALIFA survey
data and the NSA catalog. From our statistical analysis,
we discovered that such coherence actually exists. Our
main conclusions are summarized as follows:
1. The rotation of a galaxy appears to be significantly
influenced by the average motion of its neighbor
galaxies (up to ∼ 800 kpc). Recent events of
galaxy interactions (possibly up to 4 Gyr ago) may
have influenced galaxy rotation.
2. The dynamical coherence is stronger for outskirt
rotations (Re < R ≤ 2Re) than central rotations
(R ≤ Re). This result is consistent with the inside-
out two-phase formation scenario of massive galax-
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ies, in the context that recent hierarchical events
may have mainly influenced outer body of a galaxy
rather than its central body.
3. Faint galaxies tend to show more conspicuous sig-
nals of dynamical coherence than bright galaxies
do. Furthermore, the coherence signals are much
stronger for bright neighbors. These indicate that
the internal kinematics of more massive galaxies
are less affected by interactions with neighbors,
while more massive neighbors tend to influence
galaxy rotation more strongly.
4. Internally misaligned galaxies tend to show more
conspicuous signals of dynamical coherence than
internally well-aligned galaxies do. That is, inter-
actions with nearby neighbors seem to be largely
responsible for the internal kinematic misalign-
ment of a galaxy or even a kinematically distinct
core.
In this paper, we presented not only the discovery of
observational evidence for the coherence between galaxy
rotation and neighbor motions, but also how such a
trend depends on the properties of target galaxies. Al-
though our sample size is enough to prove the existence
itself of the dynamical coherence, it is not enough for
confirming some details of various subsamples, because
the statistical uncertainty is often too large when the
sample is finely divided. For example, if we secure a
sufficient number of IFS data for faint-but-red galaxies,
we can better constrain the relationship between the dy-
namical coherence and stellar populations. This limit is
expected to be improved in near future, if data from suf-
ficiently large IFS surveys with large field-of-view (cov-
ering at least 2Re of target galaxies) become available.
Otherwise, the Mapping Nearby Galaxies at Apache
Point Observatory (MaNGA; Bundy et al. 2015) data
may be an alternative: although its basic spatial cover-
age for each target is only 1.5Re, its large sample size
(up to 10,000 nearby galaxies) will be a great merit to
enhance statistical reliability.
This study uses data provided by the Calar Alto
Legacy Integral Field Area (CALIFA) survey (http://califa.caha.es/),
which is based on observations collected at the Centro
Astrono´mico Hispano Alema´n (CAHA) at Calar Alto,
operated jointly by the Max-Planck-Institut fu¨r As-
tronomie and the Instituto de Astrof´ısica de Andaluc´ıa
(CSIC). This study also uses the the NASA/IPAC Ex-
tragalactic Database (NED), which is operated by the
Jet Propulsion Laboratory, California Institute of Tech-
nology, under contract with the National Aeronautics
and Space Administration.
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Table 2. Coherence Signals (CALIFA Galaxies Divided by Luminosity)
Bright CALIFA Galaxies Faint CALIFA Galaxies
Weighting Angular D 〈∆v〉cR−L ± σBST ±σRAX ±σRFA 〈∆v〉
c
R−L ± σBST ±σRAX ±σRFA
momentum [kpc] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1]
Rel-L R ≤ Re 30 64.0± 252.7 (0.3σ) ±135.3 (0.5σ) ±152.7 (0.4σ) 67.0± 76.5 (0.9σ) ±58.2 (1.2σ) ±77.5 (0.9σ)
200 13.5 ± 62.4 (0.2σ) ±51.0 (0.3σ) ±51.8 (0.3σ) 60.1± 47.6 (1.3σ) ±39.8 (1.5σ) ±37.4 (1.6σ)
500 10.0 ± 32.7 (0.3σ) ±25.0 (0.4σ) ±22.7 (0.4σ) 26.3± 25.3 (1.0σ) ±22.8 (1.2σ) ±24.3 (1.1σ)
800 −30.4 ± 21.5 (1.4σ) ±19.0 (1.6σ) ±16.1 (1.9σ) 35.4± 17.3 (2.0σ) ±19.8 (1.8σ) ±17.4 (2.0σ)
Rel-L Re < R ≤ 2Re 30 122.6 ± 213.8 (0.6σ) ±141.4 (0.9σ) ±163.3 (0.8σ) 149.3 ± 53.8 (2.8σ) ±78.2 (1.9σ) ±52.5 (2.8σ)
200 23.2 ± 60.2 (0.4σ) ±52.5 (0.4σ) ±66.4 (0.3σ) 114.8 ± 64.4 (1.8σ) ±53.6 (2.1σ) ±35.7 (3.2σ)
500 8.2± 36.2 (0.2σ) ±25.9 (0.3σ) ±26.4 (0.3σ) 65.8± 31.4 (2.1σ) ±27.9 (2.4σ) ±24.3 (2.7σ)
800 −35.2 ± 22.4 (1.6σ) ±20.6 (1.7σ) ±17.1 (2.1σ) 70.6± 20.0 (3.5σ) ±22.5 (3.1σ) ±16.9 (4.2σ)
Abs-L R ≤ Re 30 39.0± 250.2 (0.2σ) ±142.4 (0.3σ) ±174.8 (0.2σ) 89.1± 75.9 (1.2σ) ±65.1 (1.4σ) ±73.2 (1.2σ)
200 21.5 ± 58.4 (0.4σ) ±47.4 (0.5σ) ±49.4 (0.4σ) 75.9± 43.2 (1.8σ) ±32.5 (2.3σ) ±26.3 (2.9σ)
500 16.8 ± 28.4 (0.6σ) ±22.1 (0.8σ) ±21.1 (0.8σ) 39.1± 26.2 (1.5σ) ±24.8 (1.6σ) ±24.7 (1.6σ)
800 −27.7 ± 21.0 (1.3σ) ±18.1 (1.5σ) ±13.7 (2.0σ) 30.3± 16.7 (1.8σ) ±18.7 (1.6σ) ±19.2 (1.6σ)
Abs-L Re < R ≤ 2Re 30 120.3 ± 223.7 (0.5σ) ±145.3 (0.8σ) ±180.8 (0.7σ) 138.7 ± 57.4 (2.4σ) ±68.2 (2.0σ) ±58.5 (2.4σ)
200 37.3 ± 56.9 (0.7σ) ±51.1 (0.7σ) ±61.5 (0.6σ) 85.7± 46.2 (1.9σ) ±31.3 (2.7σ) ±26.8 (3.2σ)
500 14.7 ± 30.6 (0.5σ) ±23.0 (0.6σ) ±21.6 (0.7σ) 55.1± 28.8 (1.9σ) ±24.5 (2.2σ) ±23.8 (2.3σ)
800 −35.9 ± 21.8 (1.7σ) ±18.2 (2.0σ) ±14.3 (2.5σ) 48.0± 17.9 (2.7σ) ±20.0 (2.4σ) ±17.2 (2.8σ)
Note—
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Figure 14. Right-left-merged and cumulative profiles of luminosity-weighted mean velocity, (a)(c)(e)(g) for the subsample with
high luminosity (Mr≤ − 21.39), and (b)(d)(f)(h) for the subsample with low luminosity (Mr > −21.39). (a) - (d) show the
rel-L-weighted results, while (e) - (h) show the abs-L-weighted results.
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Table 3. Coherence Signals (CALIFA Galaxies Divided by Color)
Red CALIFA Galaxies Blue CALIFA Galaxies
Weighting Angular D 〈∆v〉cR−L ± σBST ±σRAX ±σRFA 〈∆v〉
c
R−L ± σBST ±σRAX ±σRFA
momentum [kpc] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1]
Rel-L R ≤ Re 30 95.6 ± 105.2 (0.9σ) ±95.1 (1.0σ) ±136.6 (0.7σ) 53.0 ± 126.3 (0.4σ) ±42.3 (1.3σ) ±39.5 (1.3σ)
200 51.7 ± 70.5 (0.7σ) ±46.7 (1.1σ) ±52.4 (1.0σ) 59.4 ± 57.0 (1.0σ) ±46.7 (1.3σ) ±40.1 (1.5σ)
500 27.0 ± 35.1 (0.8σ) ±29.4 (0.9σ) ±30.2 (0.9σ) 24.6 ± 30.8 (0.8σ) ±27.9 (0.9σ) ±29.5 (0.8σ)
800 21.0 ± 21.5 (1.0σ) ±24.4 (0.9σ) ±23.8 (0.9σ) 34.5 ± 21.1 (1.6σ) ±23.9 (1.4σ) ±19.5 (1.8σ)
Rel-L Re < R ≤ 2Re 30 174.7 ± 95.0 (1.8σ) ±97.5 (1.8σ) ±88.5 (2.0σ) 98.3 ± 44.9 (2.2σ) ±66.8 (1.5σ) ±52.8 (1.9σ)
200 77.6 ± 61.6 (1.3σ) ±49.4 (1.6σ) ±53.3 (1.5σ) 121.1 ± 77.8 (1.6σ) ±71.0 (1.7σ) ±37.6 (3.2σ)
500 29.5 ± 36.5 (0.8σ) ±31.1 (0.9σ) ±26.0 (1.1σ) 74.6 ± 37.0 (2.0σ) ±36.0 (2.1σ) ±34.1 (2.2σ)
800 31.8 ± 23.8 (1.3σ) ±25.8 (1.2σ) ±18.9 (1.7σ) 74.6 ± 23.5 (3.2σ) ±28.5 (2.6σ) ±22.9 (3.3σ)
Abs-L R ≤ Re 30 59.5 ± 140.6 (0.4σ) ±89.2 (0.7σ) ±99.7 (0.6σ) 22.5 ± 137.7 (0.2σ) ±49.2 (0.5σ) ±55.6 (0.4σ)
200 37.8 ± 45.1 (0.8σ) ±32.8 (1.2σ) ±32.1 (1.2σ) 87.5 ± 55.2 (1.6σ) ±47.4 (1.8σ) ±39.4 (2.2σ)
500 31.3 ± 25.7 (1.2σ) ±20.0 (1.6σ) ±19.9 (1.6σ) 28.0 ± 31.4 (0.9σ) ±27.9 (1.0σ) ±29.1 (1.0σ)
800 3.4± 18.2 (0.2σ) ±15.9 (0.2σ) ±15.2 (0.2σ) 16.0 ± 18.5 (0.9σ) ±20.2 (0.8σ) ±20.7 (0.8σ)
Abs-L Re < R ≤ 2Re 30 137.3 ± 115.4 (1.2σ) ±95.2 (1.4σ) ±127.0 (1.1σ) 82.5 ± 41.4 (2.0σ) ±68.0 (1.2σ) ±83.5 (1.0σ)
200 57.4 ± 47.3 (1.2σ) ±34.4 (1.7σ) ±35.7 (1.6σ) 91.0 ± 54.4 (1.7σ) ±47.0 (1.9σ) ±43.9 (2.1σ)
500 25.4 ± 27.3 (0.9σ) ±21.6 (1.2σ) ±20.4 (1.2σ) 63.7 ± 32.4 (2.0σ) ±29.6 (2.2σ) ±24.9 (2.6σ)
800 −0.3± 18.5 (0.0σ) ±17.6 (0.0σ) ±14.3 (0.0σ) 36.8 ± 21.5 (1.7σ) ±22.5 (1.6σ) ±17.3 (2.1σ)
Note—
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Figure 15. Right-left-merged and cumulative profiles of luminosity-weighted mean velocity, (a)(c)(e)(g) for the subsample with
red color (g − r≥0.756), and (b)(d)(f)(h) for the subsample with blue color (g − r < 0.756).
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Table 4. Coherence Signals (CALIFA Galaxies Divided by Se´rsic Index)
Concentrated CALIFA Galaxies Diffuse CALIFA Galaxies
Weighting Angular D 〈∆v〉cR−L ± σBST ±σRAX ±σRFA 〈∆v〉
c
R−L ± σBST ±σRAX ±σRFA
momentum [kpc] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1]
Rel-L R ≤ Re 30 82.8± 112.4 (0.7σ) ±53.5 (1.5σ) ±46.7 (1.8σ) 58.6 ± 44.2 (1.3σ) ±79.6 (0.7σ) ±104.2 (0.6σ)
200 86.9 ± 71.7 (1.2σ) ±57.9 (1.5σ) ±27.5 (3.2σ) 27.2 ± 54.7 (0.5σ) ±37.9 (0.7σ) ±54.2 (0.5σ)
500 37.1 ± 37.4 (1.0σ) ±33.8 (1.1σ) ±27.2 (1.4σ) 17.0 ± 28.7 (0.6σ) ±27.1 (0.6σ) ±31.3 (0.5σ)
800 32.7 ± 22.1 (1.5σ) ±26.8 (1.2σ) ±16.4 (2.0σ) 30.3 ± 20.6 (1.5σ) ±24.4 (1.2σ) ±21.9 (1.4σ)
Rel-L Re < R ≤ 2Re 30 121.2 ± 92.3 (1.3σ) ±68.2 (1.8σ) ±63.9 (1.9σ) 185.8 ± 46.9 (4.0σ) ±109.8 (1.7σ) ±68.5 (2.7σ)
200 105.7 ± 73.4 (1.4σ) ±58.9 (1.8σ) ±27.0 (3.9σ) 115.5 ± 81.4 (1.4σ) ±74.5 (1.5σ) ±62.9 (1.8σ)
500 70.5 ± 38.6 (1.8σ) ±34.6 (2.0σ) ±27.5 (2.6σ) 53.7 ± 36.8 (1.5σ) ±37.3 (1.4σ) ±33.8 (1.6σ)
800 57.4 ± 24.1 (2.4σ) ±28.2 (2.0σ) ±15.1 (3.8σ) 64.7 ± 23.4 (2.8σ) ±27.8 (2.3σ) ±24.3 (2.7σ)
Abs-L R ≤ Re 30 57.1± 139.6 (0.4σ) ±92.6 (0.6σ) ±106.3 (0.5σ) 41.4 ± 42.5 (1.0σ) ±105.9 (0.4σ) ±120.0 (0.3σ)
200 51.3 ± 42.3 (1.2σ) ±30.8 (1.7σ) ±29.8 (1.7σ) 77.2 ± 64.1 (1.2σ) ±52.1 (1.5σ) ±43.2 (1.8σ)
500 25.4 ± 23.9 (1.1σ) ±19.9 (1.3σ) ±19.6 (1.3σ) 45.3 ± 34.1 (1.3σ) ±30.8 (1.5σ) ±28.4 (1.6σ)
800 4.3 ± 16.3 (0.3σ) ±16.1 (0.3σ) ±13.7 (0.3σ) 18.3 ± 20.3 (0.9σ) ±22.4 (0.8σ) ±22.9 (0.8σ)
Abs-L Re < R ≤ 2Re 30 121.7 ± 108.1 (1.1σ) ±92.7 (1.3σ) ±131.6 (0.9σ) 162.9 ± 43.8 (3.7σ) ±119.7 (1.4σ) ±93.6 (1.7σ)
200 63.0 ± 41.9 (1.5σ) ±32.2 (2.0σ) ±34.7 (1.8σ) 92.0 ± 63.6 (1.4σ) ±51.5 (1.8σ) ±46.3 (2.0σ)
500 33.3 ± 24.7 (1.3σ) ±20.0 (1.7σ) ±19.4 (1.7σ) 55.9 ± 38.1 (1.5σ) ±33.5 (1.7σ) ±25.7 (2.2σ)
800 5.6 ± 17.5 (0.3σ) ±15.9 (0.4σ) ±13.6 (0.4σ) 33.9 ± 22.9 (1.5σ) ±25.4 (1.3σ) ±20.5 (1.7σ)
Note—
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Figure 16. Right-left-merged and cumulative profiles of luminosity-weighted mean velocity, (a)(c)(e)(g) for the subsample with
large Se´rsic index (n≥2), and (b)(d)(f)(h) for the subsample with small Se´rsic index (n < 2).
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Table 5. Coherence Signals (CALIFA Galaxies Divided by Misalignment)
Aligned CALIFA Galaxies Misaligned CALIFA Galaxies
Weighting Angular D 〈∆v〉cR−L ± σBST ±σRAX ±σRFA 〈∆v〉
c
R−L ± σBST ±σRAX ±σRFA
momentum [kpc] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1]
Rel-L R ≤ Re 30 77.5 ± 83.9 (0.9σ) ±91.2 (0.8σ) ±118.6 (0.7σ) 100.0 ± 122.1 (0.8σ) ±89.0 (1.1σ) ±105.4 (0.9σ)
200 6.5± 56.0 (0.1σ) ±41.6 (0.2σ) ±30.1 (0.2σ) 86.3± 75.4 (1.1σ) ±58.1 (1.5σ) ±52.9 (1.6σ)
500 −2.3± 37.2 (0.1σ) ±36.3 (0.1σ) ±44.2 (0.1σ) 40.9± 36.3 (1.1σ) ±33.6 (1.2σ) ±30.9 (1.3σ)
800 −7.2± 24.6 (0.3σ) ±27.8 (0.3σ) ±33.6 (0.2σ) 48.2± 23.6 (2.0σ) ±31.4 (1.5σ) ±25.0 (1.9σ)
Rel-L Re < R ≤ 2Re 30 78.0 ± 83.7 (0.9σ) ±93.1 (0.8σ) ±118.3 (0.7σ) 179.8 ± 63.3 (2.8σ) ±88.5 (2.0σ) ±51.5 (3.5σ)
200 28.1 ± 57.5 (0.5σ) ±40.4 (0.7σ) ±37.8 (0.7σ) 107.1 ± 69.2 (1.5σ) ±58.1 (1.8σ) ±45.0 (2.4σ)
500 32.7 ± 37.7 (0.9σ) ±37.5 (0.9σ) ±37.2 (0.9σ) 56.8± 38.3 (1.5σ) ±33.0 (1.7σ) ±27.6 (2.1σ)
800 18.2 ± 25.6 (0.7σ) ±28.2 (0.6σ) ±27.2 (0.7σ) 66.1± 23.3 (2.8σ) ±25.9 (2.6σ) ±18.7 (3.5σ)
Abs-L R ≤ Re 30 66.8 ± 90.0 (0.7σ) ±84.9 (0.8σ) ±89.4 (0.7σ) 56.3 ± 157.5 (0.4σ) ±104.4 (0.5σ) ±110.1 (0.5σ)
200 21.2 ± 64.7 (0.3σ) ±45.6 (0.5σ) ±43.0 (0.5σ) 62.8± 43.3 (1.5σ) ±34.6 (1.8σ) ±35.7 (1.8σ)
500 0.6± 34.8 (0.0σ) ±29.7 (0.0σ) ±32.1 (0.0σ) 49.0± 21.4 (2.3σ) ±20.9 (2.3σ) ±21.0 (2.3σ)
800 −10.9± 24.0 (0.5σ) ±20.0 (0.5σ) ±20.0 (0.5σ) 19.5± 16.3 (1.2σ) ±17.5 (1.1σ) ±16.6 (1.2σ)
Abs-L Re < R ≤ 2Re 30 67.4 ± 89.7 (0.8σ) ±86.8 (0.8σ) ±90.6 (0.7σ) 147.4 ± 95.2 (1.5σ) ±105.8 (1.4σ) ±134.9 (1.1σ)
200 25.8 ± 65.8 (0.4σ) ±45.2 (0.6σ) ±45.7 (0.6σ) 86.5± 44.4 (1.9σ) ±34.3 (2.5σ) ±38.1 (2.3σ)
500 15.4 ± 35.4 (0.4σ) ±29.4 (0.5σ) ±28.2 (0.5σ) 56.1± 22.4 (2.5σ) ±20.4 (2.7σ) ±19.0 (2.9σ)
800 0.2± 23.8 (0.0σ) ±20.9 (0.0σ) ±17.6 (0.0σ) 20.3± 17.1 (1.2σ) ±17.6 (1.2σ) ±14.6 (1.4σ)
Note—
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Figure 17. Right-left-merged and cumulative profiles of luminosity-weighted mean velocity, (a)(c)(e)(g) for the subsample
with small internal misalignment (|θ(R≤Re)− θ(Re < R ≤ 2Re)|≤5.0
◦), and (b)(d)(f)(h) for the subsample with large internal
misalignment (|θ(R≤Re)− θ(Re < R ≤ 2Re)| > 5.0
◦).
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Table 6. Coherence Signals (Neighbors Divided by Luminosity)
Bright Neighbors Faint Neighbors
Weighting Angular D 〈∆v〉cR−L ± σBST ±σRAX ±σRFA 〈∆v〉
c
R−L ± σBST ±σRAX ±σRFA
momentum [kpc] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1]
Rel-L R ≤ Re 30 84.1 ± 97.7 (0.9σ) ±81.5 (1.0σ) ±100.2 (0.8σ) 24.1 ± 95.0 (0.3σ) ±44.3 (0.5σ) ±48.2 (0.5σ)
200 71.6 ± 81.2 (0.9σ) ±47.7 (1.5σ) ±48.9 (1.5σ) −2.9± 50.7 (0.1σ) ±22.0 (0.1σ) ±24.9 (0.1σ)
500 32.7 ± 47.2 (0.7σ) ±27.9 (1.2σ) ±30.1 (1.1σ) 2.0 ± 27.3 (0.1σ) ±13.7 (0.1σ) ±12.8 (0.2σ)
800 39.8 ± 34.0 (1.2σ) ±23.4 (1.7σ) ±19.8 (2.0σ) 6.3 ± 18.4 (0.3σ) ±11.3 (0.6σ) ±11.0 (0.6σ)
Rel-L Re < R ≤ 2Re 30 173.7 ± 66.1 (2.6σ) ±97.6 (1.8σ) ±68.0 (2.6σ) 73.5 ± 51.1 (1.4σ) ±57.5 (1.3σ) ±68.3 (1.1σ)
200 138.0 ± 92.3 (1.5σ) ±67.5 (2.0σ) ±44.5 (3.1σ) 5.0 ± 67.0 (0.1σ) ±23.5 (0.2σ) ±27.5 (0.2σ)
500 83.4 ± 56.9 (1.5σ) ±34.3 (2.4σ) ±29.2 (2.9σ) 0.9 ± 30.9 (0.0σ) ±13.9 (0.1σ) ±14.1 (0.1σ)
800 89.6 ± 39.2 (2.3σ) ±27.4 (3.3σ) ±19.2 (4.7σ) −0.1± 19.1 (0.0σ) ±11.7 (0.0σ) ±10.7 (0.0σ)
Abs-L R ≤ Re 30 81.8± 182.0 (0.4σ) ±138.8 (0.6σ) ±169.1 (0.5σ) −3.4± 108.8 (0.0σ) ±41.2 (0.1σ) ±43.4 (0.1σ)
200 97.1 ± 93.0 (1.0σ) ±49.9 (1.9σ) ±51.5 (1.9σ) 11.0 ± 37.9 (0.3σ) ±21.7 (0.5σ) ±22.4 (0.5σ)
500 56.4 ± 52.3 (1.1σ) ±31.3 (1.8σ) ±30.7 (1.8σ) 10.8 ± 21.6 (0.5σ) ±13.8 (0.8σ) ±15.2 (0.7σ)
800 8.5± 42.5 (0.2σ) ±23.5 (0.4σ) ±21.9 (0.4σ) 8.1 ± 14.4 (0.6σ) ±11.5 (0.7σ) ±11.8 (0.7σ)
Abs-L Re < R ≤ 2Re 30 173.7 ± 77.7 (2.2σ) ±127.5 (1.4σ) ±196.7 (0.9σ) −1.0± 77.3 (0.0σ) ±47.1 (0.0σ) ±54.9 (0.0σ)
200 120.4 ± 80.5 (1.5σ) ±52.3 (2.3σ) ±54.4 (2.2σ) 11.5 ± 40.4 (0.3σ) ±23.9 (0.5σ) ±25.8 (0.4σ)
500 68.0 ± 54.6 (1.2σ) ±33.0 (2.1σ) ±30.1 (2.3σ) 16.5 ± 23.8 (0.7σ) ±14.8 (1.1σ) ±15.1 (1.1σ)
800 16.4 ± 47.5 (0.3σ) ±24.8 (0.7σ) ±19.4 (0.8σ) 11.2 ± 15.0 (0.7σ) ±11.8 (0.9σ) ±11.4 (1.0σ)
Note—
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Figure 18. With the full sample of CALIFA galaxies, right-left-merged and cumulative profiles of luminosity-weighted mean
velocity, (a)(c)(e)(g) for the bright neighbors (brighter than the adjacent CALIFA galaxy or brighter than Mr = −21), and
(b)(d)(f)(h) for the faint neighbors (fainter than the adjacent CALIFA galaxy or Mr = −21).
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Table 7. Coherence Signals (Neighbors Divided by Color)
Red Neighbors Blue Neighbors
Weighting Angular D 〈∆v〉cR−L ± σBST ±σRAX ±σRFA 〈∆v〉
c
R−L ± σBST ±σRAX ±σRFA
momentum [kpc] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1]
Rel-L R ≤ Re 30 101.8 ± 143.5 (0.7σ) ±90.8 (1.1σ) ±104.6 (1.0σ) 53.5 ± 92.9 (0.6σ) ±48.4 (1.1σ) ±61.8 (0.9σ)
200 92.2 ± 67.2 (1.4σ) ±58.0 (1.6σ) ±45.2 (2.0σ) −3.7± 58.1 (0.1σ) ±26.8 (0.1σ) ±36.5 (0.1σ)
500 55.0 ± 39.7 (1.4σ) ±30.9 (1.8σ) ±29.8 (1.8σ) −20.2± 29.1 (0.7σ) ±23.7 (0.9σ) ±25.1 (0.8σ)
800 39.6 ± 28.0 (1.4σ) ±26.5 (1.5σ) ±20.7 (1.9σ) 18.4 ± 19.4 (1.0σ) ±22.7 (0.8σ) ±17.9 (1.0σ)
Rel-L Re < R ≤ 2Re 30 161.9 ± 81.8 (2.0σ) ±87.4 (1.9σ) ±63.9 (2.5σ) 66.7 ± 38.5 (1.7σ) ±65.5 (1.0σ) ±79.4 (0.8σ)
200 124.2 ± 69.9 (1.8σ) ±63.6 (2.0σ) ±45.0 (2.8σ) 80.2 ± 77.5 (1.0σ) ±82.3 (1.0σ) ±42.4 (1.9σ)
500 75.8 ± 43.3 (1.7σ) ±34.5 (2.2σ) ±25.4 (3.0σ) 36.0 ± 34.2 (1.1σ) ±43.1 (0.8σ) ±30.8 (1.2σ)
800 64.9 ± 29.3 (2.2σ) ±26.9 (2.4σ) ±16.4 (4.0σ) 57.1 ± 20.9 (2.7σ) ±31.9 (1.8σ) ±21.7 (2.6σ)
Abs-L R ≤ Re 30 77.3 ± 163.3 (0.5σ) ±102.8 (0.8σ) ±100.7 (0.8σ) −5.6± 111.2 (0.1σ) ±51.9 (0.1σ) ±64.5 (0.1σ)
200 73.0 ± 54.3 (1.3σ) ±34.7 (2.1σ) ±31.4 (2.3σ) 9.4± 44.7 (0.2σ) ±31.0 (0.3σ) ±37.8 (0.2σ)
500 40.5 ± 31.8 (1.3σ) ±19.6 (2.1σ) ±18.4 (2.2σ) 1.5± 25.7 (0.1σ) ±28.9 (0.1σ) ±35.6 (0.0σ)
800 12.6 ± 22.9 (0.5σ) ±15.2 (0.8σ) ±13.6 (0.9σ) −1.6± 15.8 (0.1σ) ±21.4 (0.1σ) ±23.6 (0.1σ)
Abs-L Re < R ≤ 2Re 30 164.6 ± 94.0 (1.8σ) ±99.6 (1.7σ) ±131.7 (1.2σ) −4.4± 80.4 (0.1σ) ±68.3 (0.1σ) ±88.4 (0.0σ)
200 86.3 ± 55.1 (1.6σ) ±35.9 (2.4σ) ±37.7 (2.3σ) 17.3 ± 48.5 (0.4σ) ±35.0 (0.5σ) ±39.6 (0.4σ)
500 50.2 ± 33.0 (1.5σ) ±20.2 (2.5σ) ±17.3 (2.9σ) 6.2± 27.2 (0.2σ) ±30.6 (0.2σ) ±39.5 (0.2σ)
800 17.6 ± 23.8 (0.7σ) ±15.9 (1.1σ) ±12.6 (1.4σ) 3.4± 18.0 (0.2σ) ±23.0 (0.1σ) ±26.4 (0.1σ)
Note—
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Figure 19. With the full sample of CALIFA galaxies, right-left-merged and cumulative profiles of luminosity-weighted mean
velocity, (a)(c)(e)(g) for the red neighbors (g − r ≥ 0.756), and (b)(d)(f)(h) for the faint neighbors (g − r < 0.756).
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Table 8. Coherence Signals (Summary)
Rel-L Abs-L
Sample Rotation D1 D2 D1 D2
Whole Central - - - ∗ - ∗ - ∗∗ - - -
Outskirt ◦ ∗ • • • • - ◦∗ - ∗∗
Bright Central - - - - - - - - - - - -
Outskirt - - - - - - - - - - - -
Faint Central - - - ∗ - ∗ - ∗◦ - - -
Outskirt ◦ ∗ • • • • ∗ ◦ • ◦ ∗ ◦
Red Central - - - - - - - - - - - -
Outskirt - - ∗ - - - - - - - - -
Blue Central - - - - - - - - ∗ - - -
Outskirt ∗ - • • ◦ • ∗ - ∗ ∗ ∗ ◦
Concentrated Central - - • - - ∗ - - - - - -
Outskirt - - • ∗ ∗ • - - - - - -
Diffuse Central - - - - - - - - - - - -
Outskirt • - ◦ ◦ ∗ ◦ • - ∗ - - ∗
Well-aligned Central - - - - - - - - - - - -
Outskirt - - - - - - - - - - - -
Misaligned Central - - - ∗ - - - - - ∗ ∗ ∗
Outskirt ◦ ∗ • ◦ ◦ • - ◦∗ ◦ ◦ ◦
Bright Central - - - - - ∗ - - - - - -
Neighbors Outskirt ◦ ∗ • ∗ • • ∗ ∗ ∗ - ∗∗
Faint Central - - - - - - - - - - - -
Neighbors Outskirt - - - - - - - - - - - -
Red Central - - ∗ - - - - ∗∗ - ∗∗
Neighbors Outskirt ∗ ∗ ◦ ∗ ∗ • - ∗∗ - ◦◦
Blue Central - - - - - - - - - - - -
Neighbors Outskirt - - - ◦ - ◦ - - - - - -
Note—In each table cell, the ratios of 〈∆v〉cR−L signal
to BST, RAX, and RFA uncertainties are simplified as
follows: • (≥ 3.0σ); ◦ (2.5− 2.9σ); ∗ (2.0− 2.4σ); and -
(≤ 1.9σ). D1: D = 30 or 200 kpc. D2: D = 500 or 800
kpc. Several cases with negative signals (but in < 3σ)
are denoted by ‘-’.
Houghton, R. C. W., Davies, R. L., D’Eugenio, F., et al.
2013, MNRAS, 436, 19
Huchra, J., Davis, M., Latham, D., & Tonry, J. 1983, ApJS,
52, 89
Jones, D. H., Read, M. A., Saunders, W., et al. 2009,
MNRAS, 399, 683
Jung, I., Lee, J., & Yi, S. K. 2014, ApJ, 794, 74
Kauffmann, G., White, S. D. M., Heckman, T. M., et al.
2004, MNRAS, 353, 713
Kim, S., Jeong, H., Lee, J., et al. 2018, ApJL, 860, L3
Krajnovic´, D., Emsellem, E., Cappellari, M., et al. 2011,
MNRAS, 414, 2923
Krajnovic´, D., Emsellem, E., den Brok, M., et al. 2018,
MNRAS, 477, 5327
Krajnovic´, D., Weilbacher, P. M., Urrutia, T., et al. 2015,
MNRAS, 452, 2
Lagos, C. d. P., Schaye, J., Bahe´, Y., et al. 2018a, MNRAS,
476, 4327
Lagos, C. d. P., Stevens, A. R. H., Bower, R. G., et al.
2018b, MNRAS, 473, 4956
Lagos, C. d. P., Theuns, T., Stevens, A. R. H., et al. 2017,
MNRAS, 464, 3850
Lee, H.-R., Lee, J. H., Jeong, H., & Park, B.-G. 2016, ApJ,
823, 73
Lee, J., & Yi, S. K. 2013, ApJ, 766, 38
Lee, J., Kim, S., Jeong, H., et al. 2018a, ApJ, in press
(arXiv:1807.08867)
Lee, J. C., Hwang, H. S., Chung, H. 2018b, MNRAS, 477,
1567
Lee, J. H., Lee, H.-R., Kim, M, et al. 2014, ApJ, 791, 82
Lee, J. H., Lee, M. G., Park, C., & Choi, Y.-Y. 2010,
MNRAS, 403, 1930
Martin, C., & GALEX Science Team 2003, BAAS, 203,
9601
Martin, G., Kaviraj, S., Devriendt, J. E. G., Dubois, Y.,
Pichon, C. 2018, MNRAS, 480, 2266
Naab, T., Oser, L.; Emsellem, E., et al. 2014, MNRAS, 444,
3357
Oh, S., Yi, S. K., Cortese, L., et al. 2016, ApJ, 832, 69
Oser, L., Ostriker, J. P., Naab, T., Johansson, P. H., &
Burkert, A. 2010, ApJ, 725, 2312
Pak, M., Paudel, S., Lee, Y., & Kim, S. C. 2016, AJ,
151,141
Park, C., & Hwang, H. S. 2009, ApJ, 699, 1595
Poggianti, B. M., Desai, V., Finn, R., et al. 2008, ApJ, 684,
888
Popesso, P., Rodighiero, G., Saintonge, A., et al. 2011,
A&A, 532, 145
Rong, Y., Li, H., Wang, J., et al. 2018, MNRAS, 477, 230
Sa´nchez, S. F., Kennicutt, R. C., Gil de Paz, A., et al.
2012, A&A, 538, A8
Sa´nchez, S. F., Garc´ıa-Benito, R., Zibetti, S., et al. 2016,
A&A, 594, A36
Scoville, N., Arnouts, S., Aussel, H., et al. 2013, ApJS, 206,
3
Smethurst, R. J., Masters, K. L., Lintott, C. J., et al. 2018,
MNRAS, 473, 2679
Galaxy Rotation Coherent with Environmental Dynamics 29
Taylor, P., Federrath, C., & Kobayashi, C. 2018, MNRAS,
in press (arXiv:1805.12271)
Tsatsi, A., Lyubenova, M., van de Ven, G., et al. 2017,
A&A, 606, 62
van de Sande, J., Bland-Hawthorn, J., Brough, S., et al.
2017, MNRAS,472, 1272
van Dokkum, P. G., Whitaker, K. E., Brammer, G., et al.
2010, ApJ, 709, 1018
Walcher, C. J., Wisotzki, L., Bekeraite´, S., et al. 2014,
A&A, 569, A1
Weaver, J., Husemann, B., Kuntschner, H., et al. 2018,
A&A, 614, A32
Woods, D. F., & Geller, M. J. 2007, AJ, 134, 527
York, D. G., Adelman, J., Anderson, J. E., Jr., et al. 2000,
AJ, 120, 1579
